The NF-B-related transcription factor, Dorsal, forms a nuclear concentration gradient in the early Drosophila embryo, patterning the dorsal-ventral (DV) axis to specify mesoderm, neurogenic ectoderm, and dorsal ectoderm cell fates. The concentration of nuclear Dorsal is thought to determine these patterning events; however, the levels of nuclear Dorsal have not been quantified previously. Furthermore, existing models of Dorsal-dependent germ layer specification and patterning consider steady-state levels of Dorsal relative to target gene expression patterns, yet both Dorsal gradient formation and gene expression are dynamic. We devised a quantitative imaging method to measure the Dorsal nuclear gradient while simultaneously examining Dorsal target gene expression along the DV axis. Unlike observations from other insects such as Tribolium, we find the Dorsal gradient maintains a constant bell-shaped distribution during embryogenesis. We also find that some classical Dorsal target genes are located outside the region of graded Dorsal nuclear localization, raising the question of whether these genes are direct Dorsal targets. Additionally, we show that Dorsal levels change in time during embryogenesis such that a steady state is not reached. These results suggest that the multiple gene expression outputs observed along the DV axis do not simply reflect a steady-state Dorsal nuclear gradient. Instead, we propose that the Dorsal gradient supplies positional information throughout nuclear cycles 10-14, providing additional evidence for the idea that compensatory combinatorial interactions between Dorsal and other factors effect differential gene expression along the DV axis.
The NF-B-related transcription factor, Dorsal, forms a nuclear concentration gradient in the early Drosophila embryo, patterning the dorsal-ventral (DV) axis to specify mesoderm, neurogenic ectoderm, and dorsal ectoderm cell fates. The concentration of nuclear Dorsal is thought to determine these patterning events; however, the levels of nuclear Dorsal have not been quantified previously. Furthermore, existing models of Dorsal-dependent germ layer specification and patterning consider steady-state levels of Dorsal relative to target gene expression patterns, yet both Dorsal gradient formation and gene expression are dynamic. We devised a quantitative imaging method to measure the Dorsal nuclear gradient while simultaneously examining Dorsal target gene expression along the DV axis. Unlike observations from other insects such as Tribolium, we find the Dorsal gradient maintains a constant bell-shaped distribution during embryogenesis. We also find that some classical Dorsal target genes are located outside the region of graded Dorsal nuclear localization, raising the question of whether these genes are direct Dorsal targets. Additionally, we show that Dorsal levels change in time during embryogenesis such that a steady state is not reached. These results suggest that the multiple gene expression outputs observed along the DV axis do not simply reflect a steady-state Dorsal nuclear gradient. Instead, we propose that the Dorsal gradient supplies positional information throughout nuclear cycles 10-14, providing additional evidence for the idea that compensatory combinatorial interactions between Dorsal and other factors effect differential gene expression along the DV axis.
development ͉ gene expression T he morphogen gradient model describes how positional information is conferred to a field of cells, enabling the specification of different cell types. In this model, a diffusible molecule forms a concentration gradient that dictates differential gene expression in a concentration dependent fashion. Appealing in its simplicity, this concept has been used to explain cell-fate specification and patterning in animals (1) .
The NF-B homolog, Dorsal, is present in a nuclear concentration gradient within the Drosophila melanogaster embryo (reviewed in ref. 2) . The asymmetries that result in the Dorsal gradient are initialized in the egg before fertilization by Gurkendependent signaling. After fertilization, this DV information is relayed to the embryo through ventrally localized maturation of the Toll-receptor ligand, Spätzle. Toll activation directs the degradation of the IB homolog, Cactus, allowing Dorsal to enter the nucleus. Although the maternally deposited dorsal mRNA and the translated protein are initially uniform within the early embryo, nuclear import of Dorsal selectively occurs in ventral regions as a result of Toll activation, resulting in a nuclear concentration gradient that is first visible at nuclear cycle (nc) 10, when nuclei migrate to the periphery of the embryo. Using transgenic flies with a Dorsal-GFP fusion protein, it has been observed that Dorsal shuttles continuously between the nucleus and the cytoplasm of precellularized embryos (3) . This shuttling occurs during each interphase of nc 10-14 and occurs in all of the nuclei-including those located in dorsal regions.
Dorsal is required for patterning the germ layers along the DV axis, functioning as both an activator and a repressor of transcription (reviewed in ref. 4) . In ventral regions where Dorsal concentration is high, Dorsal positively regulates the expression of the genes twist and snail to specify the presumptive mesoderm. Lower levels of Dorsal in lateral regions activate the expression of genes in the presumptive neurogenic ectoderm, including rhomboid (rho), brinker (brk), intermediate neuroblasts defective (ind) , and short gastrulation (sog). In contrast, Dorsal functions as a repressor of presumptive dorsal ectoderm genes, such as zerknüllt (zen) and decapentaplegic (dpp), restricting their expression to dorsal regions where Dorsal protein levels are lowest. The predominant model proposes that Dorsal binds to regulatory regions of target genes with differential affinity resulting in gene expression that is dependent upon the nuclear Dorsal concentration (5-7). However, Dorsal does not function alone to regulate the expression of genes: affinity of binding sites is influential but combinatorial interactions with other transcription factors are also thought to be important (e.g., refs. 8-10).
We propose that nuclear Dorsal levels must be measured to determine the role Dorsal plays to direct distinct gene expression outputs. The requirement of the Dorsal gradient for patterning the DV axis has received much attention, although few groups have attempted to quantify the levels of Dorsal in the embryo (11) and none have specifically measured nuclear levels. Here we develop a method to measure nuclear Dorsal levels during nc 10-14 of fixed embryos. This approach has two advantages over live imaging: first, we can simultaneously observe both Dorsal protein levels and gene expression, and secondly, we can obtain a larger data set to observe variability that may exist at a given developmental stage. We used wild-type (wt) and mutant embryos with genetically manipulated levels of nuclear Dorsal to ask whether nuclear Dorsal protein can be used to predict gene expression outputs. We conclude that a steady dose of Dorsal does not determine gene expression boundaries, as predicted by the classical morphogen paradigm. Instead, our data support a model in which temporal dynamics as well as combinatorial interactions with other factors must be considered to understand DV patterning.
nuclear Dorsal relative to target gene expression domains have not been defined. To this end, we performed antibody staining to view Dorsal and Histone proteins, while gene expression was observed by in situ hybridization. This approach allowed us to quantify nuclear Dorsal concentrations across the embryo and compare these levels with expression patterns of select target genes in the neurogenic ectoderm ( Fig. 1 A and 
B; see SI Text).
We collected three-dimensional (3D) stacks of confocal microscope images of embryos at nc 10-14 (Fig. 1C) . We computationally unrolled images (see Materials and Methods and SI Text, section 1) (12) to produce a two-dimensional (2D) picture of a 3D embryo (Fig. 1D) . At this stage, all of the nuclei have migrated to the periphery of the embryo, and thus these 2D representations allow for simplified segmentation and data analysis ( Fig. 1 , histone levels: CЈ and DЈ, Dorsal concentration: CЉ and DЉ, and sog gene expression: Cٞ and Dٞ).
We find that the distribution of nuclear Dorsal at all stages is roughly bell-shaped, and thus can be empirically fit to a Gaussian curve (see Fig. 2 A-C, Materials and Methods, and SI Text, section 6). In ventral-lateral regions of the embryo, where vnd expression and the ventral portion of sog expression are observed ( Fig.  2 A and B) , the nuclear localization of Dorsal decreases sharply, consistent with previous studies (13-15). However, in intermediate regions of the embryo, where ind and the dorsal portions of sog and brk are expressed, and where the borders of dorsally localized genes such as dpp and zen are positioned, nuclear Dorsal protein levels decrease to the same basal levels observed in dorsal-most regions of the embryo ( Fig. 2 B and C) . In particular, the bulk of ind expression is almost always seen in the regions where Dorsal is at basal levels, outside of the graded distribution of Dorsal (Fig. 2C ). We find that nuclear Dorsal reaches basal levels at approximately 110 m from the ventral midline ( Fig. 2 C and D) .
It is important to note that these basal levels correspond to a non-zero concentration of nuclear Dorsal. The Dorsal antibody has some low level of non-specific background staining, assayed by imaging embryos derived from homozygous dl 1 /dl 1 mothers, which produce no Dorsal protein (13). However, nuclear Dorsal levels detected in wt embryos exceed this dl 1 background staining, even in the dorsal-most regions of the embryo (Fig. 2) . For the remainder of the paper, ''basal levels'' of Dorsal refer to the non-zero levels of nuclear Dorsal achieved in the dorsal portion of the embryo, and all subsequent gradients are plotted with the dl 1 background subtracted. Considering these observations, we asked whether the Dorsal gradient is initially broad and later refines. If a transient exposure to Dorsal supports gene expression, this could explain how positional information is supplied to intermediate regions to establish the expression boundaries of genes such as ind and sog. However, plotting normalized Dorsal gradients reveals a constant gradient width throughout all nuclear cycles (Fig. 3C ). To quantify this observation, we used the empirically fit Gaussian parameters, finding the variation in gradient widths to be 16% (standard deviation divided by the mean), which we attribute to natural variation. For comparison, variation in embryo sizes used in this study was similar, at 15%. Furthermore, when grouped by nuclear cycle, the gradient widths are not significantly different from one another ( Fig. 3D and SI Text, section 13).
In contrast to the consistency of gradient widths, nuclear Dorsal levels vary significantly during each nuclear cycle (Fig.  3A) . We propose that this variability is due to the dynamics of the nuclear cycles and the nuclear accumulation of Dorsal. During mitosis, the nuclei break down, forcing Dorsal and other nuclear factors into the cytoplasm (13, 16). We surmise that, following each nuclear division, Dorsal begins to accumulate in the nuclei, and as interphase proceeds, the concentration of nuclear Dorsal changes in time according to import/export rates as well as nuclear shape changes (16). Therefore, our data reflect that we are observing different instances of a dynamic process. This is consistent with previous work showing that Dorsal protein localization during gradient formation is dynamic, but tends to increase during a single nuclear cycle (3) . To test our hypothesis, we conducted a detailed analysis of nc 14 embryos, showing a correlation between Dorsal levels and age within nc 14 (SI Text, section 8).
In addition to these observations, we identified two new trends in these data. The average Dorsal levels in the ventralmost nuclei increase from nc 10 -14; on the other hand, the average basal levels of Dorsal decrease over this same period (Fig. 3 A Inset and B) . These trends are statistically significant (SI Text, section 13), and thus cannot be attributed to technical noise. Considering our results thus far-that the levels of nuclear Dorsal are highly dynamic, the gradient widths remain constant, and yet putative Dorsal target genes such as ind, brk, and sog exhibit boundaries of expression in regions where the levels of Dorsal are unchanging-we questioned how Dorsal could supply the positional information necessary to pattern the entire DV axis.
To investigate the relationship between Dorsal nuclear concentration and gene expression outputs, we quantified Dorsal in embryos from either Toll rm9 /Toll rm10 or Toll 10B mothers, both of which lack a wt Dorsal gradient. In Toll rm9 /Toll rm10 mutants, we observed uniform, low levels of nuclear Dorsal, with wide variation in concentration from embryo-to-embryo ( Fig. 4E ) (17). In these mutants, ind and vnd gene expression is observed in stripes along the anterior-posterior (AP) axis in variable domains (Fig. 4 C and D) , as has been previously noted (18). These expression domains were explained by assuming that vnd is seen in a broad domain in embryos with higher amounts of Dorsal than embryos which express ind broadly (19). However, we find that vnd expression is broadly expressed only at early time points and the majority of cellularized embryos express both genes, with a ring of vnd present at roughly 70% egg length (Fig. 4 C and D) . The expression of ind and vnd in the same embryo is unexpected as these genes were previously considered to be distinct Dorsal threshold outputs (18). In Toll 10B mutants, the Toll receptor is constitutively active throughout the embryo, and only mesoderm cell fates result, suggesting that Dorsal nuclear levels are high and uniform in these embryos, or have at best an extremely shallow gradient (13). We measured nuclear Dorsal in these embryos and found Dorsal levels were also variable, and higher on average than observed in Toll rm9 /Toll rm10 mutant embryos, yet with some overlap (Fig. 4E) . Despite this overlap, the Dorsal nuclear levels are statistically distinct from those in Toll rm9 /Toll rm10 embryos (see SI Text, section 13). In accordance with this, all of the Toll 10B embryos express snail to the exclusion of vnd or ind (Fig. 4B) .
Given that Dorsal levels can vary widely while still producing reliable gene expression, we tested the relationship between dorsal gene dosage and gene expression outputs by examining embryos with different copies of maternal dorsal. In heterozygous embryos (dl 1 /ϩ), a simple model would predict half the amount of Dorsal in the embryo. However, in these embryos, the Dorsal gradient is flattened in ventral regions, rather than bell-shaped as in wt, but the steepness is retained in ventrallateral regions (Fig. 5 B and D) . This result was also observed using other dorsal alleles (SI Text, section 11). We measured the expression domain of sog in these embryos and found it to be indistinguishable from wt ( Fig. 5B and SI Text, sections 10 and 13). This corresponds to the observation that, in ventral-lateral regions, where gene expression boundaries (such as those between sna and sog) are delineated, the Dorsal gradient retains a steepness similar to that found in wt (SI Text, section 13).
We also imaged embryos carrying a copy of transgenic dorsalgfp (3). We found the Dorsal gradients in these embryos retained their Gaussian shape, yet were significantly wider than wt and reached higher amplitudes ( Fig. 5 and SI Text, sections 12 and 13). Additionally, the sog domain is significantly widened in these embryos. The changes in the Dorsal nuclear gradient may be caused by an extra gene dose of dorsal. To address this, we analyzed embryos from dl 1 /ϩ; dl-gfp/ϩ mothers and found that, while these embryos have gradient amplitudes similar to wt, the widths were expanded (Fig. 5 B-D and SI Text, section 13); and while the average sog domain appears to be ventralized in these embryos (Fig. 5B) , it is statistically indistinguishable from wt embryos (SI Text, section 13). We conclude that the widened gradient is a specific result of the dl-gfp transgene and not simply due to an additional copy of dorsal (see Discussion, Fig. 5 , and SI Text, section 14).
Discussion
In this study, we used whole mount staining and quantitative imaging to analyze the relationship between the amount of nuclear Dorsal and the gene expression outputs Dorsal regulates. Surprisingly, we found that intermediate regions of the embryo, where ind and the dorsal portion of sog are expressed, are consistently beyond the range of graded nuclear Dorsal (Fig. 2) . While small amounts of Dorsal are present in these nuclei, these basal levels are also present in the dorsal-most nuclei and thus cannot supply additional positional information. In light of this, we were particularly curious how the borders of these genes were reliably positioned. One possibility is that the Dorsal gradient is initially broader and then narrows as seen in the short germ beetle, Tribolium castaneum (20, 21). However, our results dismiss this possibility by showing that there is little to no change in either the Gaussian shape or the extent of the Dorsal gradient during nc 10-14 (Fig. 3) .
Alternatively, gene expression in intermediate regions could be activated or refined by the combinatorial action of other factors. For example, an unknown dorsally localized factor acts to establish the dorsal border of ind (Fig. 6A) (22) . Furthermore, genetic evidence implies EGFR participates in ind up-regulation, consistent with the late onset of ind expression (23, 24). Thus, combinatorial interactions requiring EGFR could be responsible for ind expression and the maintenance of sog and brk expression following cellularization (Fig. 6A) . Notably, our data also suggest that Dorsal-mediated repression alone cannot account for the patterns of dorsal ectoderm genes such as dpp, zen, and tld. It is known that the repressor Brinker restricts these genes to the dorsal half of the embryo, but only at cellularization (25). Further studies will be necessary to determine how positional information is initially supplied to the intermediate regions of the embryo, as we suggest that other unidentified factors function with Dorsal in precellularized embryos to demarcate the boundaries of these expression domains.
Although the shape and width of the wt Dorsal gradient is constant in time, our data show that the overall levels of nuclear Dorsal at any given DV axis location vary widely from embryoto-embryo. We propose that this variability is the result of observing snapshots of a rapid, time-dependent process in which net nuclear import of Dorsal during interphase causes an increase in Dorsal levels within nuclei, followed by rapid export during mitosis when nuclear envelopes break down. This phenomenon was also observed previously in single-nucleus time lapses using a Dorsal-GFP fusion protein (3) .
Despite the rapid dynamics of measured nuclear Dorsal levels, the gene expression boundaries of Dorsal target genes along the DV axis remain surprisingly robust. To explain this, we favor a model in which threshold levels of Dorsal activate transcription of mRNA in real time, following the dynamics of nuclear Dorsal levels (Fig. 6B ). In this model, mRNA levels increase when Dorsal levels surpass a given threshold, and decline (due to degradation) when Dorsal levels are subthreshold. While this mechanism alone could result in fuzzy gene expression domains, combinatorial interactions with other transcription factors at regulatory elements are capable of restoring sharp boundaries. This ''pre-steady-state decoding'' of the Dorsal gradient has also been suggested for the Bicoid gradient (26). These dynamics of Dorsal nuclear levels are not restricted to wt embryos, but were observed in all embryos studied, including those with relatively uniform Dorsal levels (from Toll rm9 /Toll rm10 and Toll 10B mothers). Surprisingly, in the Toll rm9 /Toll rm10 background, both ind and vnd were frequently seen within the same embryo, yet in spatially distinct locations ( Fig. 4 C and D) . One scenario for this result is that Dorsal levels are higher toward the anterior of the embryo, resulting in a ring of vnd expression at roughly 70% egg length. However, we found that AP modulation of Dorsal levels does not explain the observed pattern (SI Text, section 9). We cannot completely rule out a temporal dependence to this expression; perhaps higher levels of Dorsal turn on vnd at an earlier stage. However, this would not explain the progression of early, broadly expressed vnd, replaced later by ind. Alternatively, direct activation of ind by EGFR could explain this phenotype, as ubiquitous rho expression seen in Toll rm9 /Toll rm10 embryos would cause heightened EGFR signaling, perhaps enough to overcome repression of ind by Vnd (24). However, this does not explain the AP asymmetry. Previous studies on an allelic series of dorsal revealed extra sensitivity at 70% egg length (10), while others have directly shown that AP factors influence expression along the DV axis and bind to the regulatory regions of DV genes (19, 27, 28). These AP factors may also function to regulate gene expression in this background. It is evident that the levels of nuclear Dorsal measured in mutants in this work are much lower than maximal levels found in wt embryos (Fig. 4E) . Therefore, in light of a recent study of Bicoid-dependent patterning along the AP axis of Drosophila embryos (29), it may be tempting to ask whether the levels of nuclear Dorsal measured in Toll rm9 /Toll rm10 or Toll 10B embryos correspond to those found in the vnd or sna domains, respectively, of wild type embryos. If the Dorsal gradient were at steady state, signaling levels should either be above a given threshold, resulting in the presence of mRNA, or below it, resulting in lack of mRNA. While the Bicoid nuclear gradient appears to achieve a stable distribution quickly (16), our data reveal the Dorsal gradient to be dynamic through cellularization. Considering these dynamics, we must ask instead at what time points during development does signaling from Dorsal and the necessary co-factors exceed a threshold to regulate gene transcription, and whether over time this would lead to an accumulation of mRNA in the expected patterns (Fig. 6B) .
Finally, to test the dosage dependence of Dorsal on gene expression, we examined embryos with either one or three copies of maternally supplied Dorsal. We noted that, in the heterozygous embryos (dl 1 /ϩ), the overall shape of the Dorsal gradient was not retained. Instead of a smooth Gaussian peak, Dorsal nuclear localization formed a plateau. Despite this altered shape, or perhaps because of it, gene expression outputs remain virtually unchanged from wt. When gene dosage is low, it appears that compensatory mechanisms exist to maintain graded Dorsal in the region of the embryo where it is presumably important (i.e., presumptive neurogenic ectoderm), which may explain previously observed synergistic genetic interactions between dorsal, snail, and twist (30). The distribution of nuclear Dorsal in this region is very similar to wt (Fig. 5B ). While it is not immediately clear what form of regulation could be responsible for the redistribution of nuclear Dorsal, we propose it could be dependent on feedback involving zygotic gene expression. In contrast, embryos carrying a copy of dl-gfp have significantly wider and higher-amplitude gradients, and gene expression in these embryos is shifted dorsally (Fig. 5 B-D) . The expanded widths of these gradients cannot be explained by a higher gene dose of dl, as embryos from mothers carrying this transgene, in a heterozygous background, also have expanded gradients (Fig. 5 B and D) . This is consistent with the nature of the dl-gfp transgene, which lacks a putative export sequence, and may explain its failure to complement dl-null mutants (see SI Text, section 14).
Our results are consistent with previous studies that the levels of Dorsal in ventral and ventral-lateral regions regulate differential gene expression, but leave open the question of how dorsal-lateral and dorsal regions of the embryo are patterned. Furthermore, the observed dynamics of the Dorsal gradient are difficult to reconcile with the classical morphogen gradient model. Instead, our data support the view that information provided by Dorsal is accumulated over time (Fig. 6B ) as well as augmented by interactions with other transcription factors that function to regulate gene expression along the DV axis (Fig. 6A ) (8-10, 31, 32). In total, our data support a model in which Dorsal provides crucial, yet constantly changing positional information to the embryo, while combinatorial interactions between transcription factors at regulatory sites establish sharp, precise boundaries of gene expression.
Materials and Methods
Fly Lines. yw flies were used to quantify the wt Dorsal gradient. Dorsal mutant heterozygous and homozygous mothers were generated using dl 1 cn 1 sca 1 / CyO I (2)DTS100 1 , or dl 4 pr 1 cn 1 wx wxt bw 1 /CyO, both from the Bloomington Stock Center, or dl 8 b pr cn wxt bw/CyO from R. Steward, Rutgers University. The generation of Toll rm9 /Toll rm10 and Toll 10B mutant embryos has been previously described (17). dl-gfp flies were obtained from R. Steward (3). A31572) were used to detect Histones and served as a nuclear marker. Mutant and wt embryos were stained during the same experiment. wt embryos were added to each of the mutant embryo tubes as staining controls for all of the experiments except the dl-gfp, dl 1 /ϩ, and dl 1 /ϩ;dl-gfp/ϩ lines, because these genotypes could not be visually distinguished from wt.
Antibody Staining and Fluorescent in Situ Hybridization (FISH)
Image Acquisition and Processing. The LSM 5 Pascal (Zeiss) microscope was used to acquire confocal z-stacks of fixed and labeled embryos. Briefly, confocal stacks were acquired to image through at least 50% of the embryo, and flat-field correction applied. For groups of y-z sections, the location of the periphery of the embryo was found computationally. We then used a keystone transformation to computationally ''unroll'' the embryo's peripheral shell slice by slice. This unrolled shell was then averaged in the proximal-distal direction. This exchanges a 3D data set for a smaller, more easily manipulated 2D sheet (see SI Text).
Dorsal Protein Quantification. Dorsal was quantified in embryos in nc 10 -14.
Starting from the 2D sheet representation of the 3D data set, the nuclei were segmented using standard protocols in Matlab (see SI Text). Up to an additive constant, the Dorsal concentration in each nucleus was calculated to be proportional to the intensity of the Dorsal image in the location of the nucleus normalized by the intensity of the same nucleus in the Histone H3 image (for depth correction):
where Idl,i and Ihist,i are the intensities of the ith nucleus in the Dorsal and Histone images, respectively, and k is a constant describing non-specific antibody binding. We estimate the value of k by imaging embryos derived from dl 1 mothers. The Dorsal nuclear gradients were fit to Gaussian-shaped curves to determine the following global properties of the gradient: amplitude, basal levels, presumptive location of ventral midline, and length scale of decay (width):
where A and B denote the amplitude and basal levels of the fitted Dorsal gradient, respectively, denotes the location of the presumptive ventral midline, and is the length scale, or width, of the gradient. For each imaged Dorsal gradient, the values of these parameters were optimized in the least squares sense. Because signal decay was problematic at the edges of the image, only the central 60% of the image (along the AP axis) was used in the optimization.
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SI Text 1.
Unrolling the Embryos. As described in the Materials and Methods section of the main paper, confocal z-stacks were obtained of the embryos. Roughly 110-120 slices were taken with approximately 0.9 microns between each slice. The first few slices were above the plane of the top of the embryo, while the last slice taken was just beyond the slice with the largest embryo saggital section. The zoom level was fixed such h that the xy pixel size was roughly 0.3 microns, such that the z-scale was three times the xy scale. The resulting image stack was approximately 1,024 ϫ 1,024 ϫ 115 pixels.
The outer edge of the embryo was found in the following manner. yz sections were taken in groups of Ϸ16 x-slices and averaged together. In the z direction, each line of the image was repeated three times, ensuring that the image was isotropic (i.e., the yz pixel size of the image became 0.3 micrometers on a side; see Fig. S1 A) .
Using the lowest z pixel and center y pixel as a reference point, the image was divided into 30 radial slices (Fig. S1 A) , and the intensity within each slice as a function of distance from this point was normalized to fall between zero and one (Fig. S1B) .
To determine where within this theta-slice the periphery of the embryo was located, two thresholds were set. The low threshold, at 0.05, denoted the ''background'' intensity. The distal-most location where the intensity crossed this threshold was counted as the distal-most point where the embryo edge could be. The next-most proximal point where this low threshold is also crossed defined the proximal-most location where the embryo edge could be, as long as somewhere in between, the intensity became higher than the high threshold, which was defined at 0.25. The intensity between these two bounds was then renormalized to be between zero and one, and the embryo periphery for this ''theta-slice'' was then defined to be the distal-most point where the intensity crossed the value 0.25 (circle in Fig. S1B ). This procedure was repeated for each slice of theta.
After these presumptive periphery points were found (yellow in Fig. S1 C and D) , they were used to determine the best-fit circle to the periphery of the embryo (red in Fig. S1C ). Any point with a residual greater than 2.5-times the standard deviation of all residuals was thrown out, and another best-fit circle was found. After no points fell outside this 2.5 standard deviation limit, the missing points were replaced with points that lie perfectly on the best-fit circle (data not shown). In total, these points were chosen as the periphery of the embryo in this grouping of yz-slices.
Along with fitting the periphery of the embryo to a circle, the coordinates for the presumptive ''center'' of the embryo were found (blue point in Fig. S1C ). An ''inner periphery'' was then determined by moving each outer peripheral point an average of 60 pixels closer to the presumptive center of the embryo (cyan in Fig. S1 C and D) . These points of the inner and outer periphery delimited a series of quadrilaterals that contained the outer surface of the embryo (white box in Fig. S1D ). Using an affine transformation (a keystone-like transformation), each quadrilateral was morphed into a rectangle with a height of 60 pixels and width equal to the distance between the two points along the periphery of the embryo that defined the outer edge of the quadrilateral (white rectangle in Fig. S1E ). Adjoining each of these rectangles yielded a strip of embryo periphery containing all of the necessary information (i.e., all of the nuclei) that originated in the yz-slice (Fig. S1E) . It is important to note that, while the periphery of the embryo was found using groupings of roughly 16 yz-slices, the yz-slices were each unrolled individually using the peripheral points that were found using the group that the yz-slice originated from.
After each strip was found, the proximal-distal axis of the embryo has essentially become the z axis of the strip, while the y axis of the strip corresponds to the dorsal-ventral axis of the embryo. Tight boundaries were found around the nuclei (magenta in Fig. S1E ) in much the same way as the outer periphery of the embryo was found (as described in Fig. S1 A-C) . The information contained in this region of the strip was averaged in the proximal-distal direction. At dorsal-ventral coordinates where nuclei were present, this averaging was weighted such that only proximal-distal intensities corresponding to the location of the nucleus were used. Thus, the strip was compressed into a one-dimensional (1D) ''image'' of average intensities in each color channel. The length of this 1D image roughly corresponds to the length of the arc characterized by the periphery of the embryo at the given yz-slice.
Note that, in general, this arc length will be different depending on the x-location (i.e., anterior-posterior location) because the width of the embryo varies with respect to anterior-posterior (AP) location. Therefore, to concatenate these 1D images into a full 2D image, the 1D images were stretched to correspond to the length of the longest 1D image. After this procedure was performed on the original volume of the embryo, the data were compressed into a two-dimensional sheet of intensities for each color channel (see Fig. 1D of main paper).
2. Nuclear Segmentation. The nuclei were segmented according to the estimated nuclear cycle. First, the ''center'' of the 2D sheet of nuclear staining was taken (the rectangle from 25% to 75% width and from 25% to 75% height). This part of the image corresponds to the part of the embryo closest to the objective on the microscope, and thus with the least amount of signal loss due to (1) light scattering through the tissue and (2) poor z-resolution as compared to xy-resolution, both of which affect the periphery of the image.
This center of the image of nuclear stain was thresholded at a level predicted by Matlab's graythresh function. The resulting binary image (Fig. S2 A) approximated the segmented nuclei for the center of the image. After removing outliers of small area, the remaining number of objects in the binary image was used to estimate the nuclear density, and hence, the nuclear cycle. We have empirically found the following formula for an approximation of the nuclear cycle: log 2 ͑nuclear densit y͒ ϩ 19.9 where ''nuclear density'' is in objects per micrometer squared.
As the nuclei appear smaller and more densely packed at later nuclear cycles, we used this estimate of the nuclear cycle to determine the radius of the disk used to segment the full image. On images corresponding to nuclear cycles (n.c.) 10-11, we used a radius of 9 pixels, for n.c. 12, 8 pixels, for n.c. 13, 7 pixels, and for n.c. 14 (and images where the nuclear cycle was not determined), a radius of 5 pixels.
The full image was locally background subtracted using a tophat operation with a disk of radius 12 pixels, and then morphologically opened (Fig. S2B ) with a disk that had a different radius depending on the estimated nuclear cycle (see previous paragraph). The resulting image was then segmented using a regional maxima algorithm (imregionalmax in the Matlab image processing toolbox). This resulted in a binary image in which the objects correspond to the individual nuclei (Fig. S2C) .
Using standard protocols, the location (centroid) and pixel list of each object were extracted. We measured the nuclear intensity and the Dorsal intensity in each nucleus as the average intensity of all of the pixels included in the pixel list of that nucleus. The nuclei with intensities of less than 5% of the most intense nucleus were considered spurious and thrown out. (This 5% number was determined to be high enough such that a set of pixels not corresponding to a real nucleus would be less than this value, but the dimmest nuclei would still be brighter than this value.)
Using the coordinates and intensities of the nuclei, a calibrating image was constructed to interpolate the depth-dependent signal loss across the whole image (including portions of the image that do not contain nuclei; Fig. S2D ). This calibrating image was smoothened using a sliding window of 100 pixels in the x-direction (AP axis of embryo) and 50 pixels in the y-direction [dorsal-ventral (DV) axis of embryo]. This image was then used to normalize the intensity of nuclear Dorsal as well as mRNA distributions.
3. Using the Nuclear Density to Stage the Embryos. After the nuclei have been segmented and the spurious objects discarded, we obtain (among other things) a count of the number of nuclei in the image. Dividing by the area of the image, we can measure the nuclear density in number of objects per square m. If we rank the nuclear densities of all wild-type embryos and plot them on the same graph, we see the nuclear densities fall into five distinct groups, roughly separated by a factor of two each (Fig. S3 , bottom right). From examining this graph, we obtain the empirical formula for the nuclear cycle shown in SI Text, section 2. This formula allows us to unequivocally determine the nuclear cycle of each embryo. As an example, we have shown an image of a representative embryo from each nuclear cycle (Fig. S3 ).
Using the Histone H3 Antibody Intensity for Depth Correction.
In this study, we use the intensity of histone antibody staining to correct for depth-dependent signal loss of Dorsal antibody staining. This approach makes the following assumptions.
i. The intensity of histone antibody staining is uniform across the embryo, so that changes in signal can be attributed only to light scattering through tissue and other depth-dependent signal attenuation. ii. The signal loss is similar in all wavelengths. For example, we have chosen to visualize the nuclei with Alexa Fluor 555, Dorsal antibody with Alexa Fluor 488, and mRNA with Alexa Fluor 647. In particular, the Dorsal antibody staining must have signal loss similar to that of the histone staining. iii. Bleaching is minimal. If these assumptions hold, then the following equations are valid. The intensity of the histone image, I hist , can be related to the concentration of histone H3, H, as follows:
where k(z) is an unknown function that describes the depthdependent signal loss, and B L, denotes laser background, which can be measured and subtracted. We quantify this laser background (in each channel) as the most frequent intensity of any z-slice, as it does not change with respect to depth.
The intensity of the Dorsal image, I dorsal , as related to the concentration of Dorsal along the DV coordinate [denoted by c(x) in these equations] is as follows:
where k(z) is the same function that appears in the equation for the histone image (see assumption #2), B is some background level, and A is a proportionality constant.
Subtracting the two laser backgrounds and dividing the second equation by the first, we arrive at:
where we have defined r to be the ratio between the two intensities. Note that we have replaced the two unknown constants, A and B, with two others, a and b. However, since they were unknown to begin with, the form of the equation is the same in either case. In practice, as histone intensity levels vary from embryo-to-embryo, we divide the image of the Dorsal channel by the calibrating image and then multiply by the maximum value found in the calibrating image. Now we have a quantity, r, that is proportional to the Dorsal concentration, up to an unknown additive constant. If we assume that this background constant is simply due to non-specific antibody staining, then quantifying the value of r in embryos derived from dl 1 /dl 1 mothers should, in principle, give us this constant. Even if it is due to factors other than non-specific antibody staining, as long as these factors are equal in both dl 1 embryos and all other embryos, then subtracting the value of r obtained from dl 1 embryos is the correct approach. Addressing the validity of our assumptions, we take assumption #1 for granted. Assumption #3 remains valid if the laser power used to image the embryos remains relatively low. Assumption #2 was investigated by imaging embryos treated with histone H3 antibody and visualized with Alexa Fluor 488 and 555 to recognize the histone antibody. In these cases, we see that the effect is variable, but more importantly, we find that the normalized ratio of intensities in the two color channels does not greatly deviate from unity in these embryos (Fig. S4A) . We also imaged embryos in which the Dorsal antibody was visualized with Alexa Fluor 555, and histones with Alexa Fluor 488 (thereby swapping the colors of these two visualizations). In these embryos, the Dorsal gradients (the values of r) also appeared normal, as well as the normalized mRNA profiles (Fig. S4B) .
Calibration of Measurements on Different Days.
To acquire a data set as large as the one used in the study, it was necessary to image on several different days. To control for day-to-day variations in laser power, we measured the laser output during each imaging session by sending the laser unimpeded into the transmitted light detector. We held all other imaging conditions (detector gains, amplifier offsets, and amplifier gains) constant across all images.
Therefore, for each imaging session and for each laser, we obtained a percent laser power reading, LP 0 , and a detection intensity reading, I 0 (Fig. S5A) . We then expressed the laser output for that imaging session, ⍀, in comparison to the ''ideal laser'' that would give an intensity of 255 for a 1% laser transmittance (with the detector and amplifier settings we were using):
For example, if, during a given imaging session, the 488 laser output measurement gives an intensity I 0 ϭ 255 at a percent laser transmittance of LP 0 ϭ 5%, then the current laser output is 5-times weaker than the ''ideal'' laser, which would achieve an intensity of 255 at only 1% laser transmittance. For each embryo imaged, the percent laser transmittance used to image that embryo, LP, was tuned to reveal the greatest imaging dynamic range possible, without raising the laser power so much that bleaching becomes a problem. We then defined a ''reduced laser power'' for each embryo in units of the ''ideal laser:''
These definitions allowed us to use a consistent measure for the incident laser power used to image each embryo. In order for this approach to be valid, however, two other functions must be measured. First, we must be sure that the actual laser power transmitted is linear with respect to the percent laser power parameter tunable from the LSM 5 Pascal software. Our microscope system uses an MOTF (mechanooptical tunable filter) to change the percent laser power transmitted to the specimen. Therefore, the relationship between the tunable parameter on the software and the position of the MOTF (a mechanical shutter that can selectively block a fraction of the laser light) can be calibrated to be linear.
The second function that must be measured is the relationship between the incident laser power on the embryo and the fluorescence emission of the Alexa Fluor dyes. Others have reported that this is a linear relationship (1), however this was only tested at very low laser powers. In some regimes of laser power used for our study, this linear relationship breaks down (Fig. S5D) .
To determine the shape of this function, we imaged one slice on the surface of nine different embryos several times using different values of percent laser transmittance for the 488 laser (Fig. S5B) . For each embryo, this revealed a relationship between mean intensity of the slice and the tunable parameter (percent laser transmittance) in the LSM 5 Pascal software (Fig.  S5C) . However, note that this relationship depends on the actual density of Alexa Fluor dye in the embryo, and thus will be different from embryo-to-embryo. Also note that these functions are linear at low values of the laser power, and have a non-zero background level. That is, fitting a line to the points with laser power 5% or less, the y-intercept is not zero. However, this is the same laser background that was discussed earlier, and can easily be measured and subtracted from the signal values. Therefore, performing linear regression on data points with low laser values, while forcing the intercept to be the measured laser background, we can estimate the low-laser power behavior of these incident laser/emission functions for each embryo as a slope, m:
Therefore, if we normalize the emission intensity of each embryo by the estimated slope for that embryo, then the incident laser/emission curves for all embryos collapse onto one curve (Fig. S5D) . We find that the relationship at these laser power levels can be approximated by a saturating hyperbolic:
where the reduced laser power, LP r , was introduced above, and I is the background subtracted, slope-normalized emission intensity in units of the ''ideal laser,'' or:
We found that, for our microscope settings, the best-fit values of the parameters are V ϭ 3.25 and K ϭ 2.5 (red curve in Fig. S5D ).
In practical terms, this ''I '' is a normalization factor. We can calculate this normalization factor for each embryo imaged in this paper, given (1) the reduced laser power used to image that embryo, and (2) the saturating hyperbolic equation above. Then, the data (r) for that embryo is normalized by I . This allows us to account for variations in laser output during different imaging sessions.
6. Fitting Wild-Type Dorsal Gradients to Gaussian-Shaped Curves. After measuring many wild-type Dorsal gradients, it was noted that each appeared to be roughly bell-shaped. Therefore, we attempted to fit each to a Gaussian-like curve to fit global parameters to the curve. This was motivated by the fact that a gradient may have several different length scales associated with it. For example, how does one precisely and consistently measure the ''width'' of a Dorsal gradient? Is it the width of the gradient at half-maximal? Even small amounts of noise can give a drastic error in such a measurement. However, if the gradient always retains the rough shape of a known function of x, then the entire curve can be used to estimate some length scale (such as a width), rather than some arbitrary point half-way to the maximum of the curve. The same can be said of the amplitude and basal levels of a gradient, as well as the presumptive ventral midline: is the amplitude simply the highest data point? Are the basal levels simply the minimum data point? Is the ventral midline the location where the highest data point occurs? All of these would be easily distorted by only a very small amount of noise. While there are ways to minimize the sensitivity to noisy data, one way to solve these problems is by fitting the entire gradient to a known function of x, in this case a Gaussian shape:
Here we see that after fitting the Dorsal gradient to this equation, we extract four parameters that describe each gradient: an amplitude, A, basal levels, B, the location of the presumptive ventral midline, , and a length scale of the gradient, , which we have often called the gradient ''width,'' but it is more accurately the length scale of signal decay (Fig. S6 ). Note that, at this point, the similarity between the wild-type Dorsal gradient and a Gaussian-shaped curve is strictly empirical. We are not proposing a physical mechanism that would dictate this shape to be Gaussian. We used the Matlab function, fit, and used the 'NonlinearLeastSquares' option to perform this fit as well as all others in this study.
7.
The Gradient Flattens to Non-Zero Basal Levels. We have observed that the expression of ind is almost always outside the graded portion of the Dorsal gradient (see Fig. 2 of the main text) . To demonstrate that the gradient indeed flattens abruptly near Ϸ110 m, we have shown an embryo that has been imaged laterally in Fig. S7A. Fig. S7B shows the quantification of the Dorsal fluorescent channel, while Fig. S7C depicts quantification of the histones (see inset for 3D view). As discussed above, the ratio of these two channels is the depth-corrected Dorsal gradient and is quantified as shown in Fig. S7D , with basal levels clearly flattening outside of 120 m. Note that the gradient flattens to a non-zero intensity of Dorsal, as it is greater than the dl 1 background.
Correlation Between Age within Nuclear Cycle 14 and Gradient Ampli-
tude. Within nuclear cycle 14, the age of an embryo can be determined by both the nuclear morphology and the extent of membrane formation (cellularization). To this end, both DIC images and confocal z-stacks of an additional set of wild type, nuclear cycle 14 embryos were taken (n ϭ 17). Examples of young, intermediate, and old nuclear cycle 14 embryos are shown in Fig. S8 A-C. The corrleation between age and gradient amplitude is shown in Fig. S8D . This data set is highly correlated (correlation coefficient ϭ 0.50). Despite the noise in the data, this degree of correlation is statistically significant, with a P value of 0.03.
9. Anterior-Posterior Modulations in the Dorsal Gradient. In Fig. 4 C and D, embryos from Toll rm9 /Toll rm10 mothers express both vnd and ind in spatially distinct domains. One possible explanation is that the Dorsal gradient in modulated along the anterior-posterior axis such that higher levels of nuclear Dorsal in the anterior results in vnd expression there, while lower levels exist in the ind expression domain. However, this is clearly not the case as can be seen in Fig. S9A . In addition, the gap in sna expression that can sometimes be seen in embryos from Toll10B mothers is not readily explainable by modulations in the Dorsal gradient (Fig.  S9B) . As a control, wild type embryos show no significant anterior-posterior modulation of the Dorsal nuclear gradient (Fig. S9C). 10. Measuring Domains of Gene Expression. The motivation behind fitting the Dorsal gradient to a Gaussian-like function was also present in our attempts to characterize the domains of gene expression of sog, vnd, and ind. For each of these genes, we found the ''canonical'' expression profile, or shape, by aligning and averaging several wild-type expression profiles (Fig. S10A) . After these canonical shapes were found, we fit a given gene expression profile to the appropriate shape in a manner similar to what was done for the wild-type Dorsal gradient.
For example, if the canonical sog profile (green curve in Fig.  S10A ) were defined as sog 0 (x), then any sog expression domain could be fit to this canonical profile by the following equation:
where A and B are the amplitude and background levels, is the location of the presumptive ''center''-in our case, we have chosen this to be the maximum-of the peak, and ␦ is a ''stretching factor'' that defines how wide or narrow the individual gene expression domain is with respect to the canonical form (Fig. S10B) . If ␦ Ͼ 1, then the individual profile is wider than the canonical form, and if ␦ Ͻ 1, then it is narrower. The data points that were used to fit each of these expression domains were the original gene expression profiles locally background subtracted. The width of the structuring element used to subtract the local background was chosen to be large enough to not disturb the overall shape of these gene expression domains. The examples for vnd and ind are similar, and can be found in Fig. S10 C and D, respectively. In a similar fashion, we fit the dl 1 /ϩ gradient to a canonical shape found by averaging (see Fig. S13A ), and for each of those embryos, we also found the parameters A, B, , and ␦. Here, the parameters A, B, and are directly analogous to those found for the wild-type and Dorsal-GFP gradients. On the other hand, ␦ is related to the parameter that characterizes the width of the wild-type gradient, but is not directly analogous.
Investigation of Other dorsal Alleles.
The heterozygous dorsal embryos investigated in the main text were from dl 1 /CyO mothers (see Materials and Methods). To determine whether the altered shape of the Dorsal gradients seen from these embryos was a result of the specific dorsal allele, or perhaps coming from secondary-site mutations on the CyO balancer chromosome, we outcrossed males carrying three different dorsal alleles (dl 1 , dl 4 , and dl 8 ) to wild-type females and quantified the Dorsal gradient from the female progeny (genotyped as dl 1 /ϩ, dl 4 /ϩ, and dl 8 /ϩ). We found that the Dorsal gradients from these embryos still exhibited the altered shape that we see in dl 1 /CyO embryos, although with partial penetrance (Fig. S11) . This phenotype was not observed in wild-type embryos.
12. Live Images of dorsal-gfp. We imaged live embryos expressing the Dorsal-GFP fusion (3) as well as H2A-RFP (to visualize the nuclei). We took static confocal z-stacks of six live embryos to measure the live Dorsal-GFP gradient (Fig. S12 A and D) . We found the widths of these gradients to be similar to those of wild type and dl 1 /ϩ embryos, and significantly narrower than the gradients of the fixed dl-gfp/ϩ or dl 1 /ϩ;dl-gfp/ϩ embryos (Fig.  S12C) . However, we also noted that the sizes of the live embryos were significantly smaller than the fixed tissue (Fig. S12B) , likely because the 70% glycerol mounting media for the fixed embryos causes them to swell, which would correspond to a swelling of the quantified gradients in these embryos. Once this discrepancy was corrected for, we found the widths of the live gradients to be statistically indistinguishable from the fixed dl-gfp/ϩ or dl 1 /ϩ;dlgfp/ϩ embryos, and significantly wider than the wild-type and dl 1 /ϩ embryos. This is illustrated in Fig. S12E , in which quantified gradients from three representative embryos-from wild type, dl-gfp/ϩ, and live-are overlaid.
One caveat to this is the noticeable differences in sample variances between the diameters of fixed embryos and those of live embryos. If the size difference is simply a product of swelling due to the mounting medium, then one would expect the percent variability to be similar between the two distributions. One possible explanation is that the glycerol swells the embryos to differing degrees, introducing a systematic error into our studies. This is not a cause for concern, because this systematic error is not large enough to confound our ability to detect statistical differences between sets of embryos, such as between wild type and dl-gfp/ϩ. Another possible explanation is that the distribution of fixed embryo diameters may have an artificially long tail at higher diameters. This is due to a slight deformation of larger (or more swelled) embryos from the pressure between the coverslip and microscope slide. Although two pieces of doublesided tape were used create a bridge between the two pieces of glass in which to mount the embryos, the larger embryos were still deformed. This caused their diameter to measure larger than expected. In all likelihood, both factors contribute to the observed variability.
Statistical Analysis of Dorsal Gradients and mRNA Expression Patterns.
We performed several statistical analyses on measurements from our data and on parameters extracted from the fitting procedures described in previous sections. The analyses are as follows:
1. t test for the background Dorsal levels (in dl 1 mutants) being the same as basal levels of wild-type nc 14. 2. ANOVA for whether the widths of the wild-type gradients, grouped by nuclear cycle, cannot explain variance. 3. ANOVA for whether the amplitudes of the wild-type gradients, grouped by nuclear cycle, cannot explain variance. 4. t test for whether the best-fit line (using linear regression analysis) of amplitudes of the wild-type gradients versus nuclear cycle is not greater than zero. 5. ANOVA for whether the basal levels of the wild-type gradients, grouped by nuclear cycle, cannot explain variance. 6. t test for whether the best-fit line (using linear regression analysis) of basal levels of the wild-type gradients versus nuclear cycle is not less than zero. In test number 1, we asked whether the basal levels of Dorsal (seen in the gradients more than approximately 110 m from the ventral midline and extending all of the way to the dorsal midline) in wild-type nuclear cycle 14 embryos could be distinguished from the levels of Dorsal (presumably zero) in embryos from dl 1 /dl 1 mothers. Using a modified t test (2), which allows for distinct samples sizes and distribution variances (all pairwise t tests were performed with these relaxed assumptions), we found that indeed, these two groups are significantly different, with a P value of 2 ϫ 10 Ϫ6 .
In tests 3-6, we tested whether the values of A and B (respectively) from any nuclear cycle would be different from the others, and in particular whether the trends discussed in the main paper were real. Using ANOVA, we concluded that indeed, both of these parameters have significant differences among the nuclear cycles (P values 0.001 and 10 Ϫ10 , respectively). However, this is plain to see from Fig. 3D in the main paper. We then used linear regression analysis to determine whether the trends that amplitude increases and basal levels decrease from one nuclear cycle to the next were statistically significant. We found the best-fit line to A (or B) vs. t, where t is the nuclear cycle number for each embryo (i.e., t i ʦ {10,11,12,13,14} for each embryo i). By standard t test (not pairwise), the slope of the line fit to A vs. t was significantly greater than zero (P value 10 Ϫ5 ) while the slope of the line fit to B vs. t was significantly less than zero (P value 4 ϫ 10 Ϫ11 ). This shows not only are the trends correct, but that these trends are not caused by technical noise in our image acquisition.
In test 2, we tested whether the value of from any nuclear cycle would be different from the others. Using ANOVA, we found that the value of remained constant throughout development (P value: 0.1). However, we found that embryos from dl-gfp mothers had significantly wider gradients (test 11). We performed a t test with the null hypothesis that the dl-gfp was not larger than that of wild type (one-tailed test), and found the P value to be 0.01. Furthermore, we tested whether the amplitudes of Dorsal gradients in dl-gfp embryos would not be larger than that of wild type (test 12), and found that to be the case (P value: 0.03). In a similar manner, the gradients from dl 1 /CyO;dlgfp/TM3 embryos were tested to determine whether their widths were not greater than wild type (test 15, P value: 0.02) and also whether their amplitudes are not different from wild type (test 16, P value: 0.6).
In test 7, we asked whether the average Dorsal nuclear levels in embryos from Toll 10B mothers were not larger than those from Toll rm9 /Toll rm10 mothers, and found the P value to be 0.0003. Therefore, we conclude that the two sets of Dorsal levels are distinguishable, despite the overlap in the two distributions.
In tests 8, 9, 13, 14, 17, and 18, we compared the properties of sog mRNA expression patterns from either dl 1 /CyO embryos, dl-gfp embryos, or dl 1 /CyO;dl-gfp/TM3 embryos to wild type. We asked whether these properties differed significantly from wild type, and only found the width of sog expression in dl-gfp to be distinct from the corresponding wild-type value (P value: 0.0002). The P values for all six tests were 0.7, 0.3, 0.6, 0.0002, 0.2, and 0.2, respectively. When we speak of ''location'' of the mRNA profile, we are describing the parameter , as defined in the previous section. Note that, for the sog mRNA profile, the ''location'' is skewed to the ventral side of the profile. Thus, we conclude that, in dl-gfp embryos, the sog profile is mostly widened in the dorsal direction, with a similar ventral border to wild type (also see Fig. 5 from main paper) .
In test 19, we asked whether the diameters of our entire data set of fixed embryos were different from those found in the six live embryos we imaged. We found the P value to be 3 ϫ 10 Ϫ11 , leading us to conclude that these two distributions are indeed separate.
Test 20 deals with the correlation coefficient found in our data of gradient amplitude paired with age rank within nuclear cycle 14 embryos. Using Matlab's corrcoef function, we performed a standard t test to determine whether the correlation seen was simply by chance (i.e., whether the correlation coefficient was distinct from zero), and found the P value to be 0.04, showing strong evidence of correlation.
Finally, in test 10, we asked whether the length scale of signal decay (or ''steepness'') of the Dorsal gradient found in dl 1 /CyO embryos would significantly differ from that found in wild-type embryos. Because the shape of the gradient is non-Gaussian, we are only interested in whether the steepness is maintained through the ''important'' part of the gradient, that is, in the presumptive neuroectoderm (50-90 m from the ventral midline). As mentioned in the previous section, the value of , which we used to characterize the width of the wild-type gradients, is not directly comparable to ␦-the parameter used to characterize the widths of gradients from heterozygous animals. Therefore, we used ␦ to approximate a value corresponding to for the heterozygous embryos in the following manner.
First, we note that the wild type Dorsal gradient is approximately Gaussian in shape. From the equation above, if we define y and z as:
then the equation for the Dorsal gradient can be transformed into:
Taking the derivative with respect to z 2 and rearranging, we obtain:
This is an identity for Gaussian shaped curves, and thus holds true at any point x (meaning, this derivative is constant and equal to the parameter , no matter where you are on the curve). On the other hand, there is no reason why the shape of the Dorsal gradient from dl 1 /CyO embryos should maintain this sort of property. However, we can calculate this derivative for every point within the presumptive neuroectoderm for dl 1 /CyO embryos and determine what the value of ''should be'' if that curve were indeed Gaussian. Therefore, we took this derivative for the average, ''canonical'' heterozygous Dorsal gradient (solid black curve in Fig. S13A ) within the presumptive neurogenic ectoderm (gray region in Fig.  S13A ) to obtain a putative value of at each location, x (solid red curve in Fig. S13A ). Compare this to the steepness of average wild-type Dorsal gradient (dashed black curve in Fig. S13A ), which is constant with respect to x (red dashed horizontal line in Fig. S13A ). While the steepness of the heterozygous gradient varies slightly in this region of the embryo, it is quite close to what we would expect it to be were it a wild-type gradient. This makes sense, as the two gradients in this region appear very similar. We conclude that the median value of the gradient steepness in this region, 44.4 m, is sufficient to characterize the changing value of for this average heterozygous gradient.
After assigning this value to the ''steepness'' of the neurogenic ectoderm region of the canonical heterozygous gradient, we can apply this calculation to each of the individual gradients through the value of the fitted parameter ␦. As each embryo i has a different value of this stretching factor, ␦ i , we can simply ''stretch'' the value of accordingly:
where i is the value of the steepness for embryo i and avg is the steepness for the average heterozygous gradient (equal to 44.4 m). Plotting the distribution of i 's for both wild-type and heterozygous embryos, we see that they are very similar (Fig.  S13B) . Indeed, performing the t test on these two populations shows that they cannot be distinguished (P value 0.2).
14. The Dorsal-GFP Fusion. The dl-gfp fly stock was obtained from R. Steward. This insertion, present on the third chromosome, was crossed into a dl 1 , dl 4 , and dl 8 mutant backgrounds. dl-gfp failed to complement the lethality phenotype of embryos derived from viable females homozygous or transheterozygous for these alleles.
Below are the sequences for Dorsal-gfp protein fusion with the deleted C terminus in bold (used in ref. The intensity of a single domain from A as a function of distance from the center of the image. Using the algorithm described in the text, we define the edge of the embryo as located at the point in red. (C) The periphery of the embryo. After the algorithm described is repeated for each domain, we obtain a series of points which define the periphery of the embryo (yellow circles). These points can be fit to a circle (red curve) which helps us determine the presumptive center of the embryo (blue dot) and the likely ''inner'' border of the nuclear layer (cyan). (D) Unrolling one yz-slice. Adjacent pairs of outer periphery points and the corresponding pair of inner points defines a quadrilateral (white box). Each of these quadrilaterals is slightly distorted to become a rectangle [see white rectangle in E]. (E) Unrolled yz slice. Using the keystone-like distortion, the yz slice is converted into a strip of nuclei. The white rectangle here corresponds to the white quadrilateral shown in D. The magenta curves correspond to tight boundaries around the nuclei. . S4 . Testing the method of using histone staining to depth-correct. (A) Heat map of the ratio of the green color channel to the red color channel in an embryo in which both channels visualize histones. In this plot, the normalized ''calibrating image'' from the green channel is divided by the normalized calibrating image from the red. As they are both normalized before the ratio is taken, we expect the ratio to be close to unity, which it is. (B) Trace of Dorsal nuclear gradient and sog mRNA expression from an embryo with the colors used to visualize Dorsal and histones switched. In this case, the calibrating image was generated from the green channel, and Dorsal staining in the red. The gradient appears normal. S6 . Illustration of fitting the Dorsal gradients to Gaussian curves. This fitting process is used to globally extract four quantities that characterize the Dorsal gradient: amplitude (A), basal levels (B), location of the peak (), and signal decay length (). Note that, for a Gaussian-shaped curve, the signal decay length is related to the width of the curve. After 60% decay, the width of the Gaussian curve is equal to 2. In black, the average wild type (dashed) and dl 1 /CyO (solid) n.c. 14 gradients are simultaneously plotted (left axis) against the DV coordinate. In red, the measure of the steepness for wild type (dashed) and dl 1 /CyO (solid) Dorsal nuclear gradients are plotted (right axis) as functions of the DV coordinate. Note that the steepness of the wild type gradient is constant, while our measure of the steepness of the dl 1 /CyO gradient varies with position. (B) Distributions of the steepness of the Dorsal nuclear gradient in the two genotypes. Note that the two distributions are nearly the same.
